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SYSTEM AND METHOD FOR PROVIDING

RAW MIX PROPORTIONING CONTROL IN

A CEMENT PLANT WITH A FUZZY LOGIC
SUPERVISORY CONTROLLER

BACKGROUND OF THE INVENTION

This mnvention relates generally to a cement plant and
more particularly to providing raw mix proportioning con-
trol 1n a cement plant.

A typical cement plant uses raw material such as
limestone, sandstone and sweetener to make cement. Trans-
port belts (e.g. weighfeeders) transport each of the three raw
materials to a mixer which mixes the materials together. A
raw mill receives the mixed material and grinds and blends
it 1nto a powder, known as a “raw mix”. The raw mill feeds
the raw mix to a kiln where 1t undergoes a calcination
process. In order to produce a quality cement, it 1s necessary
that the raw mix produced by the raw mill have physical
properties with certain desirable values. Some of the physi-
cal properties which characterize the raw mix are a Lime
Saturation Factor (LSF), a Alumina Modulus (ALM) and a
Silica Modulus (SIM). These properties are all known
functions of the fractions of four metallic oxides (i.e.,
calcium, iron, aluminum, and silicon) present in each of the
raw materials. Typically, the LSE, ALM and SIM values for
the raw mix coming out of the raw mill should be close to
specifled set points.

One way of regulating the LSEF, ALM and SIM values for
the raw mix coming out of the raw mill to the specified set
points 1s by providing closed-loop control with a propor-
tional controller. Typically, the proportional controller uses
the deviation from the set points at the raw mill as an 1nput
and generates new targeted set points as an output for the
next time step. Essentially, the closed-loop proportional
controller 1s a conventional feedback controller that uses
fracking error as an 1nput and generates a control action to
compensate for the error. One problem with using the
closed-loop proportional controller to regulate the LSEF,
ALM and SIM values for the raw mix coming out of the raw
mill 1s that there 1s too much fluctuation from the targeted set
points. Too much fluctuation causes the raw mix to have an
improper mix of the raw materials which results 1n a poorer
quality cement. In order to prevent a fluctuation of LSEF,
ALM and SIM values for the raw mix coming out of the raw
mill, there 1s a need for a system and a method that can
ensure that there 1s a correct mix and composition of raw
materials for making the cement.

BRIEF SUMMARY OF THE INVENTION

In a first embodiment of this invention there 1s a system
for providing raw mix proportioning control 1n a cement
plant. In this embodiment, there 1s a plurality of raw material
and a plurality of transport belts for transporting the mate-
rial. A raw mix proportion controller, coupled to the plurality
of raw material and the plurality of transport belts, controls
the proportions of the raw material transported along the
transport belts. The raw mix proportion controller comprises
a fuzzy logic supervisory controller that uses a plurality of
target set points and the composition of the plurality of raw
material as mputs and generates a control action to each of
the plurality of transport belts that 1s representative of the
proportions of the material to be transported along the belt.
A mixer, coupled to the plurality of transport belts, mixes the
proportions of each of the plurality of raw material trans-
ported therefrom.

In a second embodiment of this invention there 1s a
method for providing raw mix proportioning control in a
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2

cement plant. In this embodiment, a plurality of raw material
are transported with a plurality of transport belts to a mixer.
Proportions of the plurality of raw material transported
along the plurality of transport belts to the mixer are
controlled by obtaining a plurality of target set points and the
composition of the plurality of raw material. Fuzzy logic
supervisory control 1s performed on the plurality of target set

points and the composition of the plurality of raw material.
The proportions of the plurality of raw material transported
along the plurality of transport belts to the mixer are
determined according to the fuzzy logic supervisory control.
The determined proportions of the plurality of raw material
are sent to the mixer for mixing.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a block diagram of a system for providing,
raw mix proportioning control in a cement plant according
to this mvention;

FIG. 2 shows a schematic of the fuzzy logic supervisory
control provided by the raw mix proportioning controller
shown 1n FIG. 1 according to this invention;

FIG. 3 shows a more detailed schematic of the open-loop
system shown 1n FIG. 2;

FIG. 4 shows a more detailed view of the fuzzy logic
supervisory controller shown in FIG. 2;

FIG. 5 shows a block diagram of a more detailed view of
one of the FPI controllers used 1n the fuzzy logic supervisory
controller;

FIG. 6 shows a block diagram of a more detailed view of
the FPI controller shown 1n FIG. §;

FIGS. 7a—7c¢ show examples of fuzzy membership func-
tions used 1n this invention;

FIG. 8 shows an example of a rule set for a FPI controller
according to this invention;

FIG. 9 shows an example of a control surface used 1 this
mvention; and

FIG. 10 shows a flow chart setting forth the steps of using,
fuzzy logic supervisory control to provide raw mix propor-
tioning according to this invention.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 shows a block diagram of a system 10 for
providing raw mix proportioning control 1n a cement plant
according to this invention. The raw mix proportioning,
control system 10 comprises a plurality of raw material 12
such as limestone, sandstone and sweetener to make cement.
In addition, moisture can be added to the raw materials.
While these materials are representative of a suitable mix-
ture to produce a cement raw mix, it should be clearly
understood that the principles of this invention may also be
applied to other types of raw material used for manufactur-
ing cement raw mix. Containers 14 of each type of raw
material move along a transport belt 16 such as a weigh-
feeder. A raw mix proportioning controller 18 controls the
proportions of each raw material 12 transported along the
transport belts 16. A mixer 20 mixes the proportions of each
raw material 12 transported along the transport belts 16. A
raw mill 22 receives mixed material 24 from the mixer 20
and grinds and blends 1t into a raw mix. The raw maill 22
feeds the raw mix to a kiln 26 where 1t undergoes a
calcination process.

As mentioned above, it 1s necessary that the raw mix
produced by the raw mill 22 have physical properties with
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certain desirable values. In this invention, the physical
properties are the LSEF, ALM and SIM. These properties are
all known functions of the fractions of four metallic oxides
(i.., calcium, iron, aluminum, and silicon) present in each of
the raw materials. A sensor 28, such as an IMA QUAR-
CONTM sensor, located at one of the transport belts 16 for
conveying the limestone, measures the calcium, iron, alu-
minum and silicon present in the limestone. Those skilled 1n
the art will recognize that more than one sensor can be used
with the other raw materials if desired. Typically, the LSE,
ALM and SIM values for the raw mix coming out of the raw
mill should be close to specified target set points. Another
sensor 30 such as an IMA IMACONTM sensor located
before the raw mill 22 measures the calcium, 1iron, aluminum
and silicon present 1n the mix 24. Although this invention 1s
described with reference to LSE, ALM and SIM physical
properties, those skilled in the art will recognize that other
physical properties that characterize the raw mix are within
the scope of this invention.

The raw mix proportioning controller 18 continually
changes the proportions of the raw material 12 1n which the
material are mixed prior to entering the raw mill 22 so that
the values of LSE, ALLM and SIM are close to the desired set
pomts and fluctuate as little as possible. The raw mix
proportioning controller 18 uses fuzzy logic supervisory
control to continually change the proportions of the raw
material. In particular, the fuzzy logic supervisory control
uses targeted set points and the chemical composition of the
raw material as inputs and generates control actions to
continually change the proportions of the raw material. The
mixer 20 mixes the proportions of the raw material as
determined by the fuzzy logic supervisory control and the
raw mill 22 erinds the mix 24 into a raw mix.

FIG. 2 shows a schematic of the fuzzy logic supervisory
control provided by the raw mix proportioning controller 18.
There are two main components to the fuzzy logic supervi-
sory control provided by the raw mix proportioning con-
troller; a fuzzy logic supervisory controller 32 and an
open-loop system 34. The fuzzy logic supervisory control
takes S* and P as mputs and generates S as an output, where
S* 1s the targeted set points, P 1s the process composition
matrix of the raw materials, and S 1s the actual set points. A
more detailed discussion of these variables 1s set forth
below. At each time step, the fuzzy logic supervisory control
attempts to eliminate the tracking error, which is defined as;

AS(£)=S*-S(1) (1)
by generating AU(t), the change in control action, which
results in proper control action for the next time step which
1s defined as:

U(t+1)=AU@)+U (1) (2)
More specifically, the fuzzy logic supervisory controller 32
uses gradient mmformation to produce change in control to
compensate the tracking error. In FIG. 2, a subtractor 31

performs the operation of equation 1 and a summer 33
performs the operation of equation 2.

FIG. 3 shows a more detailed diagram of the open-loop
system 34 shown in FIG. 2. The open-loop system 34
receives P and U as mnputs and generates S as an output,
where P 1s a process composition matrix of size 4 by 3, U 1s
a control variable matrix of size 3 by 1, S 1s the actual set
point matrix of size 3 by 1, and R 1s a weight matrix of size

4 by 1.
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The process composition matrix P represents the chemical
composition (in percentage) of the input raw material (i.e.,
limestone, sandstone and sweetener) and is defined as:

I Cp C» (O3 ] (3)
ST 92 583
(]

N1k B

ty 3

Column 1 in matrix P represents the chemical composition
of limestone, while columns 2 and 3 1n P represent sandstone
and sweetener, respectively. This mnvention assumes that
only column 1 1n P varies over time, while columns 2 and 3
are considered constant at any given day. Row 1 1n matrix
P represents the percentage of the chemical element CaO
present in the raw material, while rows 2, 3, and 4 represent
the percentage of the chemical elements S.O,, Al,O; and
Fe,O,, respectively, present 1n the raw materials.

The control variable vector U represents the proportions
of the raw material (i.e., limestone, sandstone and

sweetener) used for raw mix proportioning. The matrix U is
defined as:

(4)

wherein u,=1-u,—u,.
The set point vector S contains the set poimnts LSE, SIM
and ALM and 1s defined as:

- LSE
SIM
 ALM |

()

The weight matrix R 1s defined as:

(6)

RS

wherein C, S, A and F are the weight of CaO, S.0,, Al,O,
and Fe,O,, respectively, and R 1s derived by multiplying P
by U. A function f takes R as input and generates S as output.
The function { comprises three simultancous non-linear
equations defined as follows:

C (7)
LSF =
2.8 5+1.18-A4+06-F
S 3
SIM = ()
A+ F
A 9
AILM = — ®)
F
wherein:

(10)
(11)
(12)
F=fu+fsustfs (1-u—us) (13)

and u,, u, and u,=1-u,—u, are the dry basis ratio of
limestone, sandstone and sweetener, respectively.

S=S U5, US55 (1-1,—1)



6,113,256

S

Furthermore, ¢, s;, a, and {; are the chemical elements of
process matrix P defined in equation 3.

FIG. 4 shows a more detailed diagram of the fuzzy logic
supervisory controller 32 shown 1n FIG. 2. The fuzzy logic
supervisory controller 32 comprises a plurality of low level
controllers 36, wherein each low level controller 36 receives
a change 1n a target set point AS as an mnput and generates
a change 1n a control action AU as an output. The plurality
of low level controller are preferably fuzzy proportional
integral (FPI) controllers, however, other types of fuzzy
logic controllers are within the scope of this invention. In the
preferred embodiment, as shown in FIG. 4, the fuzzy logic
supervisory controller 32 comprises at least three pairs of
FPI controllers 36, wherein each of the at least three pairs of
low level controllers receives a change in a target set point
AS as an input and generates a change 1n a control action AU
as an output. As shown in FIG. 4, one pair of the FPI
controllers receives the change in lime saturation factor
ALSF as the imnput, a second pair of the FPI controllers
receives silica modulus ASIM as the 1nput, and a third pair
of the FPI controllers receives alumina modulus AALM as
the input. As mentioned above, each FPI controller 1 a pair
of the FPI controllers generates a change 1n a control action
as an output. More specifically, one FPI controller 1n a pair
generates a change 1n control action Au, as one output and
the other FPI controller 1n the pair generates a change in
control action Au, as a second output. The change 1n control
action Au, 1s representative of the dry basis ratio of
limestone, while the change 1n control action Au, 1s repre-
sentative of the dry basis ratio of sandstone.

The tuzzy logic supervisory controller 32 also comprises
a first summer 38 and a second summer 40, coupled to each
pair of the FPI controllers 36, for summing the change in
control actions generated therefrom. In particular, the first
summer 38 receives the change i1n control actions Au,
ogenerated from each pair of the FPI controllers, while the
second summer 40 receives the change in control actions
Au, generated from each of the pairs. The first summer 38
sums all of the control actions Au, together, while the second
summer 40 sums all of the control actions Au, together. A
third summer 42, coupled to the first summer 38 and second
summer 40 sums together the change in control actions for
both Au, and Au, and generates the change 1n control action
AU therefrom. Essentially, the high level fuzzy logic super-
visory controller 32 aggregates the three pairs of low-level
FPI controllers to come up with a unified control action.
Furthermore, it may provide a weighting function to the
above-described aggregation process to determine the trade-
off of the overall control objective. For instance, to concen-
frate on eliminating ALSE, more weight would be put on the
control action recommended by the first pair of FPI con-
trollers.

FIG. 5 shows a block diagram of a more detailed view of
one of the FPI controllers 36 used i1n the fuzzy logic
supervisory controller 32. The FPI controller 36 receives
error € and change 1n error Ae as mputs and generates an
incremental control action Au as an output. The error ¢
corresponds to the mput AS which 1s ALSEF, ASIM and

AALM. Thus, an mput for one pair of FPI controllers is
defined as:

e=ALSF=LSF*-LSF (14)

while the input for a second pair of FPI controllers 1s defined
as:

e=ASIM=SIM*-SIM (15)
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while the mput for the third pair of FPI controllers 1s defined
as:

e=AALM=ALM*-ALM (16)

The change 1n error Ae 1s defined as:

Ae=e(t)-e(t-1) (17)

wherein e(t) is the error value at time step t, while e(t—1)
represent the error value at t—1 time step. Thus, there would
be a change 1n error Ae at each pair of the FPI controllers in
the fuzzy logic supervisory controller. As shown 1n FIG. §,
the change 1n error Ae for a FPI controller 1s determined by
a delay element (i.e., a sample and hold) 44 and a summer
46.

FIG. 6 shows a block diagram of a more detailed view of
the FPI controller shown 1n FIG. 5. The FPI controller 36 as
shown 1n FIG. 6 comprises a knowledge base 48 having a
rule set, term sets, and scaling factors. The rule set maps
linguistic descriptions of state vectors such as ¢ and Ae 1nto
the incremental control actions Au; the term sets define the
semantics of the linguistic values used 1n the rule sets; and
the scaling factors determine the extremes of the numerical
range of values for both the input (i.e., € and Ae) and the
output (i.e., Au) variables. An interpreter S0 is used to relate
the error € and the change in error Ae to the control action
Au according to the scaling factors, term sets, and rule sets
in the knowledge base 48.

In this invention, each of the input variables (¢ and Ae)
and the output variable (Au) have a term set. The term sets
are separated into sets of NB, NM, NS, ZE, PS, PM and PB,
wherein N 1s negative, B 1s big, M 1s medium, S 1s small, P
1s positive, and ZE 1s zero. Accordingly, NB 1s negative big,
NM i1s negative medium, NS 1s negative small, PS 1s positive
small, PM 1s positive medium and PB 1s positive big. Those
skilled 1n the art will realize that there are other term sets that
can be 1mplemented with this invention. Each term set has
a corresponding membership function that returns the degree
of membership or belief, for a given value of the variable.
Membership functions may be of any form, as long as the
value that 1s returned is in the range of [0,1]. FIGS. 7a—7c¢
show examples of fuzzy membership functions used for the
error €, the change 1 error Ae and the change in control
action Au, respectively.

An example of a rule set for the FPI controller 36 1s shown
in FIG. 8. As mentioned above, the rule set maps linguistic
descriptions of the error € and the change 1n error Ae 1nto the
control action Au. In FIG. 8, 1f ¢ 1s NM and Ae 1s PS, then
Au will be PS. Another example 1s if € 1s PS and Ae 1s NS,
then Au will be ZE. Those skilled in the art will realize that
there are other rule sets that can be implemented with this
ivention. FIG. 9 shows an example of a control surface for
one of the set points. In particular, FIG. 9 shows a control
surface for the control of LSF.

FIG. 10 shows a flow chart describing the raw mix
proportioning control of this invention according to the
fuzzy logic supervisory control. Initially, the raw mix pro-
portioning controller obtains a plurality of target set points
S* at 52. Next, the raw mix proportioning controller obtains
the process composition matrix P at 54. The raw mix
proportioning controller then performs the fuzzy logic
supervisory control in the aforementioned manner at 56. The
raw mix proportioning controller then outputs the control
matrix U at 58 which 1s the proportion of raw materials. The
raw mix proportioning controller then sets the speed of each
of the transport belts to provide the proper proportion of raw
material at 60 which 1s 1n accordance with the control matrix
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U. These steps continue until the end of the production shaft.
If there 1s still more time left in the production shift as
determined at 62, then steps 52—60 are repeated, otherwise,
the process ends.

It 1s therefore apparent that there has been provided in
accordance with the present invention, a system and method
for providing raw mix proportioning control 1n a cement
plant with a fuzzy logic supervisory controller that tully

satisty the aims and advantages and objectives hereinbefore
set forth. The invention has been described with reference to

several embodiments, however, 1t will be appreciated that

[

variations and modifications can be effected by a person of
ordinary skill in the art without departing from the scope of
the 1nvention.

What 1s claimed 1is:

1. A system for providing raw mix proportioning control
in a cement plant, comprising:

a plurality of raw material;

a plurality of transport belts for transporting the plurality
of raw material;

a measuring device that measures the composition of the
plurality of raw material transported by the plurality of
transport belts;

a raw mix proportioning controller, coupled to the plu-
rality of transport belts and the measuring device, for
controlling the proportions of the plurality of raw
material transported along the plurality of transport
belts, wherein the raw mix proportioning controller
comprises a fuzzy logic supervisory controller that uses
a plurality of target set points and the composition of
the plurality of raw material as 1inputs and generates a
control action to each of the plurality of transport belts
that 1s representative of the proportions of the material
to be transported along the belts the tuzzy logic super-
visory conftroller comprising a plurality of low level
controllers, wherein each low level controller receives
a change 1n a target set point as an 1nput and generates
a change 1n a control action as an output; and

a mixer, coupled to the plurality of transport belts, for
mixing the proportions of each of the plurality of raw
material transported therefrom.

2. The system according to claim 1, wherein the plurality
of raw material comprise limestone, sandstone and sweet-
ener.

3. The system according to claim 1, wherein the plurality
of target set points are physical properties comprising lime
saturation factor, alumina modulus and silica modulus.

4. The system according to claim 1, wherein the fuzzy
logic supervisory controller comprises at least three pairs of
low level controllers, wherein each of the at least three pairs
of low level controllers receives a change 1n a target set point
as an 1nput and generates a change 1n a control action as an
output.

5. The system according to claim 4, wherein one pair of
the at least three pairs of low level controllers receives lime
saturation factor as the nput, a second pair of the at least
three pairs of low level controllers receives alumina modu-
lus as the 1nput, and a third pair of the at least three pairs of
low level controllers receives silica modulus as the mput.

6. The system according to claim 5, wherein each low
level controller in a pair of the at least three pairs of low
level controllers generates a change 1n a control action as an
output.

7. The system according to claim 6, further comprising a
summer coupled to the at least three pairs of low level
controllers for summing all of the change in control actions
generated therefrom.
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8. The system according to claim 7, wherein the summer
comprises at least three summers, wherein a first summer
sums a first component of the change 1n control actions from
cach of the at least three pairs of low level controllers, a
second summer sums a second component of the change in
control actions from each of the at least three pairs of low
level controllers, and a third summer sums the change in
control actions from both the first and second summer.

9. The system according to claim 1, wherein each of the
plurality of low level controllers are fuzzy logic proportional
integral controllers.

10. The system according to claim 1, wherein the system
further comprises a raw mill, coupled to the mixer for
orinding and blending the mix of the plurality of raw
material into a raw mix.

11. The system according to claim 10, wherein the system
further comprises a kiln, coupled to the raw mill for burning
the raw mix.

12. Amethod for providing raw mix proportioning control
in a cement plant, comprising:
providing a plurality of raw material;

transporting the plurality of raw material with a plurality
of transport belts to a mixer;

controlling the proportions of the plurality of raw material

transported along the plurality of transport belts to the

mixer, Comprising:

obtaining a plurality of target set points;

obtaining the composition of the plurality of raw mate-
rial;

performing fuzzy logic supervisory control on the
plurality of target set points and the composition of
the plurality of raw material, the performing fuzzy
logic supervisory control comprising using a plural-
ity of low level controllers, wherein each low level
controller receives a change 1n a target set point as an
input and generates a change 1n a control action as an
output; and

determining the proportions of the plurality of raw
material transported along the plurality of transport
belts to the mixer according to the fuzzy logic
supervisory control; and

mixing the determined proportions of the plurality of raw

material with the mixer.

13. The method according to claim 12, further comprising
providing the mix of the plurality of raw material from the
mixer to a raw mill and generating a raw mix therefrom.

14. The method according to claim 13, further comprising
providing the raw mix from the raw mill to a kiln.

15. The method according to claim 12, wherein the
plurality of raw material comprise limestone, sandstone and
sweetener.

16. The method according to claim 12, wherein the
plurality of target set points are physical properties com-
prising lime saturation factor, alumina modulus and silica
modulus.

17. The method according to claim 12, wherein perform-
ing fuzzy logic supervisor control further comprises using at
least three pairs of low level controllers, wherein each of the
at least three pairs of low level controllers receives a change
in a target set point as an mnput and generates a change 1n a
control action as an output.

18. The method according to claim 17, wherein one pair
of the at least three pairs of low level controllers receives
lime saturation factor as the input, a second pair of the at
least three pairs of low level controllers receives alumina
modulus as the iput, and a third pair of the at least three
pairs of low level controllers receives silica modulus as the
input.
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19. The method according to claim 18, wherein each low
level controller 1n a pair of the at least three pairs of low
level controllers generates a change 1n a control action as an
output.

20. The method according to claim 19, further comprising
summing all of the change 1n control actions from the at least
three pairs of low level controllers.

21. The method according to claam 20, wherein the
summing comprises using at least three summers, wherein a
first summer sums a {irst component of the change 1n control
actions from each of the at least three pairs of low level

10

10

controllers, a second summer sums a second component of
the change 1n control actions from each of the at least three
pairs of low level controllers, and a third summer sums the
change 1n control actions from both the first and second
SUMImer.

22. The method according to claim 1, wherein each of the
plurality of low level controllers are fuzzy logic proportional
integral controllers.
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